HSLA-100 steel with 14 mm thickness in quenched and tempered condition was shielded metal arc welded (SMAW) with 2 kJ/mm heat input using basic flux coated filler rods without any pre or post welding heat treatments. The steel was found to be welded satisfactorily in this condition without developing any defect. Optical microscopy studies revealed typical cast dendritic structure in the weld metal and coarse bainite in grain-coarsened area of the heat-affected zone (HAZ). Transmission electron microscopy (TEM) study confirmed incidence of mixed structure of martensite laths and bainite in weld metal, while, it was mainly of bainite laths in HAZ with evidence of martensite-austenite (M-A) constituent and massive ferrite. The yield strength (YS), ultimate tensile strength (UTS) and Charpy V-notch (CVN) impact energy of the weld metal (YS-695 MPa, UTS-842 MPa and CVN-105 J at Ϫ50°C) and HAZ (YS-790 MPa, UTS-891 MPa and CVN-130 J at Ϫ50°C) were found satisfactory although HAZ properties were inferior to the base metal properties. The hardening of HAZ was not very significant in this steel under the present welding condition.
Introduction
The HY (High yield) series of steels are traditionally used for construction of naval ships and submarines. 1) These are essentially quenched and tempered low to medium carbon low alloy steels which derive their strength mainly from carbon. But carbon being deleterious for welding, 2) over past two decades there have been attempts to substitute these HY series of steels by developing a new series of low-carbon low-alloy copper-bearing steels with improved weldability maintaining similar strength and toughness. 1, 3) Lower carbon in these steels helps in achieving better weldability, whereas, copper enhances strength by precipitation hardening. 4) ASTM A710 grade steel (0.07 % C, 0.5 % Mn, 0.4 % Si, 0.75 % Cr, 0.9 % Ni, 0.2 % Mo, 1.15 % Cu and 0.0 2% Nb) was first to be developed in these low-carbon copper-bearing steels in late seventies for use in offshore structures. [5] [6] [7] [8] [9] [10] Based on its chemistry, HSLA-80 steel was developed by United States Navy in early eighties as a substitute for HY-80 grade of steel. 1, [11] [12] [13] [14] High strength (Minimum yield strength of 552 MPa), good low temperature impact toughness (81 J at Ϫ85°C) and good weldability of HSLA-80 steel made it a candidate for construction of naval ships and submarines. It can also be used for making components of many engineering bodies such as heavy duty tracks, bridges, earth moving equipment and off-shore structures. 15, 16) After successful development of HSLA-80 steel, United States Navy initiated a programme on development of HSLA-100 steel with improved strength (Minimum yield strength of 690 MPa) keeping good impact toughness (81 J at Ϫ85°C) and weldability. This was necessary for making naval and engineering structures which encounter complex dynamic loading and require strength higher than that of HSLA-80 steel. This steel has a nominal composition of 0.06% C, 1% Mn, 0.02% P, 0.006% S, 0.4% Si, 1.6% Cu, 3.5 % Ni, 0.6 % Cr, 0.6 % Mo, 0.03 % V, 0.04 % Nb. 1) Few trial heats were made in this regard in late eighties and early nineties. 1, 17) Since then there have been efforts to obtain a critical understanding of the structure-property correlations of this steel. Although, in the past several studies were made in that direction, [18] [19] [20] [21] [22] very few attempts were made to understand the weldability aspects of this steel.
Weldability is considered to be critical for any newly developed steel for its successful commercial use. The basic reason for development of HSLA-100 steel to replace HY-100 is that of its improved weldability. Although, both these grade of steels have the same carbon equivalent (ϳ0.81), the HSLA-100 steel is expected to have better weldability owing to its lower carbon content as indicated in Graville diagram 2) shown in Fig. 1 . Again for any welding process, the welding consumables play an important role. In the past Smith et al. 23) as well as Wallace et al. 24) attempted to weld HSLA-100 steel with the military specified consumables meant for HY-100 steel. Smith et al. had worked with 25 mm thick plates and adopt-ed the process of submerged arc welding (SAW) with a preheat temperature of 93°C and achieved the desired weldment properties. Wallace et al. 24) as a part of the certification program, welded HSLA-100 steels of various thickness ranging from 9.5 to 51 mm adopting different techniques like gas metal arc welding (GMAW), shielded metal arc welding (SMAW) and submerged arc welding (SAW) and they used preheat temperatures ranging from 15 to 52°C depending on the plate thickness. They achieved desired weld properties upto 19 mm thick plates with the existing consumables, but failed to achieve properties for higher thickness plates with low preheat temperature (15°C). More recently, Park et al. 25) worked on the effects of post welding heat treatments on the toughness of the weld HAZ in a Cucontaining HSLA-100 steel. They used a thermomechanical simulator to simulate the weld HAZ and studied the effect of various thermal cycles on Cu precipitation and its effect on the HAZ properties.
In the current study, an attempt is made to weld 14 mm thick plates of HSLA-100 steel with an existing military specified welding consumable by the process of shielded metal arc welding (SMAW) without any pre or post welding treatments. The objectives are to find out whether the steel is weldable in this condition without developing any cracks or fissures and also to study in detail the microstructure and mechanical properties of the steel in its weld and the heat affected zones.
Experimental Procedure
The steel used in the experiments was supplied by the Phoenix Steel Corporation, USA in the form of austenized and quenched plates of 51 mm thickness from a 150 t trial production heat. The chemical analysis of the steel (base metal) was conducted by optical emission spectroscopy, and the composition is provided in Table 1 . For welding experiments, plates of 200ϫ100ϫ14 (T) mm size were cut from the top/bottom portion of the 51 mm as received plate. The plates were austenitised at 950°C for 40 min and quenched in water followed by tempering at 650°C for 1 h. All the aforesaid heat-treatments were carried out in an air-muffle furnace. Subsequently single 'V' groove angles (30 degree) were cut in the heat-treated plates with 4 mm root faces for a total 60 degree included angle between two plates. A typical weld groove design is shown in Fig. 2 .
The shielded metal arc welding experiments were conducted using a M/S Advani Oerlikon make Triodyn-K320 model DC-arc welding machine. The welding electrodes used for this study were of Atom Arc 12018-M2 grade (M/S ESAB make as per US military specification MIL-12018M2). The electrodes were basic flux coated and 3.15 mm in diameter. The composition of the filler rod as provided in the test certificate is given in Table 1 .
The welding experiments were carried out manually in 5 passes with welding voltage and current of 25 V and 130 A respectively. The average welding speed was 97 mm/min. Based on the above parameters, the welding heat input was calculated to be 2.01 kJ/mm as per Eq. (1). The composition of the weldmetal was analyzed in optical emission spectrometer taking sparks in the weld deposit. The same is provided in acterization of base metal, HAZ and weld metal, 10ϫ20ϫ 14 (LϫWϫT) mm specimens were cut. The transverse through-thickness (T-T) sections of these specimens were studied. The specimens were mechanically polished and etched with a 2 % nital solution for observation of the microstructure using a Neophot-30 optical microscope. Thin foils were prepared for transmission electron microscopy (TEM) in a twin jet electropolisher in a solution of 95 % glacial acetic acid and 5 % perchloric acid at 10°C and 25 V. For making thin foils special care was taken and polished thin sections (T-T) were etched by 2 % nital to delineate clearly the weld metal and HAZ zones before punching 3 mm discs from the respective locations for final electropolishing. The foils were examined in a JEOL 4000 EX microscope at 200 KV accelerating voltage. Energy Dispersive Spectrometry (EDS) of few thin foils were conducted using a Link's EDS system. For mechanical property evaluation, standard tensile samples were taken along the weld direction from different zones as indicated in Figs The tests were conducted with a Tinius-Olsen model Charpy impact testing machine at various temperatures viz. Ϫ20°C and Ϫ50°C. The Charpy impact toughness of the welding electrodes for these steels is usually specified 24) at Ϫ50°C, and that was the reason behind conducting the Charpy testing up to Ϫ50°C. For both tensile and impact testing three specimens were tested for each condition, and average values were reported. The hardness was measured in a Vicker's hardness tester using a 30 kg load and an average hardness of 10 indented fields for a particular sample was reported. The error in hardness measurement was Ϯ5 Vicker's hardness number (VHN), while the error in case of yield strength (YS) and ultimate tensile strength (UTS) were Ϯ10 MPa. The error in measurement of elongation (EL) percent and reduction in area (RA) percent were Ϯ1 %, whereas, it was Ϯ5 Charpy Vnotch (CVN) energies in case of Charpy impact toughness.
Fractography studies of the tested impact specimens were carried out in a JEOL make JSM-840A model scanning electron microscope (SEM). X-ray diffractometric studies of the base metal (water quenched and tempered at 650°C) were conducted to detect the presence of retained austenite with a Siemen's X-ray diffractometer, using a Mo Ka target.
Results

Visual Examination
The visual examination of the welded joints, after machining and surface grinding has indicated that no surface or underbead cracks or fissures were present in the weldment. Thus, it can be observed that quenched and tempered HSLA-100 steel plates can be welded at 2 kJ/mm heat input by the process of shielded metal arc welding without any requirement of pre or post welding heat treatments.
Optical Microscopy
Typical microstructure of the weldment near the fusion line of the SMAW plate is shown in Fig. 3(a) in which the fusion line is clearly seen. The microstructure of the weld metal is shown at 100ϫ and 500ϫ magnifications in Figs. 3(b) and 3(c) respectively. Both showed typical dendritic pattern found in a cast structure. It was however difficult to identify phases present in the weld metal structure at this magnification. The microstructural phases seems to consist of martensitie and/or bainitie.
The HAZ microstructure adjacent to the fusion line ( Fig.  3(d) ) however appeared to be an aligned structure consisting of parallel bainitic ferrite laths separated by elongated second phase particles. A few large angular ferrite grains could also be observed. The prior austenite grain size of HAZ near fusion line was of the order of 30-75 mm in diameter. The prior austenite grain size of the HAZ observed by Smith et al. 23) in a submerged arc welded HSLA-100 steel at 2 kJ/mm heat input was in the order of 25-60 mm.
The microstructure of the base metal about 15 mm away from the fusion line was that of tempered martensite as shown in Fig. 3(e) . The average prior austenite grain size of the base metal was measured and found to be 15 mm which was significantly less than that of grain coarsened HAZ.
Transmission Electron Microscopy
The transmission electron microscopy of the weld metal revealed a mixed microstructure of martensite laths and bainitic ferrite. The martensite lath structure is depicted in Figs. 4(a) and 4(b). Figures 4(c) and 4(d) illustrate massive ferrite with high dislocation density coexisting with martensite-austenite (M-A) constituent which appeared as dark grain boundary phase typically found in a low carbon low alloy steel weldment. Figure 4 (e) exhibits a Ti based oxide inclusion observed in the weld metal structure, the EDS analysis of which is shown in Fig. 5 .
The TEM microstructures of HAZ are shown in Figs.  6(a)-6(g) . Figure 6 (a) depicts coarse bainite laths, whereas, Fig. 6(b) shows a highly dislocated massive ferrite grain along with M-A constituent (appeared as dark grain boundary phase) with a evidence of twinning in it. Typical M-A constituent found in HAZ structure is illustrated in Fig.  6 (c). More M-A constituents located at lath boundaries are exhibited in Fig. 6(d) . The Cu and Nb(C, N) precipitates could be observed at few places in the HAZ and a typical BF micrograph depicting those precipitates is shown in Fig.  6 (e). A SAD and its schematic confirming the precipitate types are exhibited in Figs. 6(f) and 6(g) respectively.
The water quenched and 650°C tempered microstructure of the base metal has been shown in Fig. 7 . The structure exhibits martensite laths. 21) At lath boundaries the martensite freshly formed from the intercritical austenite could also be seen as a dark phase (Fig. 7(a) ). The diffraction analyses of the lath boundary phase revealed that it was essentially a bcc phase, could be either ferrite or martensite. 21, 22) Precipitates of Cu and Nb(C, N) were found within the laths as well as at the lath boundaries. The Cu precipitates were bigger and rod shaped (50 nm long), the evidence of which are shown in BF and DF images (Figs. 7(b) and 7(c)). Some of the fine and spherical particles observed in the above BF and DF images were of Nb(C, N). The Nb(C, N) precipitates were inherited from the austenite structure, and were not expected to grow on tempering. The SAD pattern and its sketch taken from the same field are exhibited in Figs. 7(d) and 7(e), which confirmed presence of both Cu and Nb(C, N) rings. The DF image shown in Fig. 7(c) was essentially corresponding to (111) Cu ring and expected to have some area from the closely located (111) Nb(C, N) ring.
YS, UTS and VHN
The YS, UTS and VHN of the base metal, HAZ and weld metal of the MAW plates are shown in Table 2 . The YS of the base metal, HAZ and weld metal were 833, 790 and 695 MPa respectively. The UTS of them were 938, 891 and 842 MPa respectively. Both YS and UTS were maximum in the base metal and lowest in the weld metal. There was a little deterioration of the HAZ properties compared to base metal, the YS was reduced by 43 MPa and UTS was reduced by 47 MPa. In case of VHN, however, peak value (320 VHN) was found in the HAZ and lowest value (277 VHN) was found in the weld metal. The base metal hardness was 289 VHN.
Elongation Percent and Reduction in Area Percent
The %El of the base metal, HAZ and weld metal were re- spectively 23, 18 and 26 % ( Table 2 ). The maximum %El was achieved in the weld metal and the minimum was in the HAZ. The %El of the HAZ was little less compared to the weld metal and base metal owing to the coarse grain size and presence of hard phase (M-A) in it. The % RA of the weld metal, HAZ and base metal varied within a close range (70-73 %). The %RA of the base metal and HAZ were found to be same of 73 %, whereas, it was only slightly less at 70 % in case of weld metal (Table 2 ).
Charpy Impact Toughness
The Charpy V-notch (CVN) impact energies of the base metal, HAZ and weld metal at Ϫ20°C testing temperature was 190, 149 and 127 J ( Table 2 ). The HAZ toughness was less by 41 J from the base metal. The weld metal toughness was the lowest and 63 J less than that of the base metal. At Ϫ50°C testing temperature the base metal, HAZ and weld metal toughness was found to be 179, 130, 105 J respectively.
Fractographic studies of the impact tested specimen were carried out through SEM. Figures 8(a)-8(c) show typical fractographs of the broken Charpy specimen tested at Ϫ20°C respectively from weld metal, HAZ, and base metal locations. All three specimen exhibited dimples in the fracture surfaces confirming ductile mode of failures.
Discussion
Microstructure
The transmission electron microstructures of the weld metal reveal low carbon lath martensite (Figs. 4(a) and 4(b)), bainitic ferrite (Fig. 4(c) ) along with massive ferrite subgrains (Fig. 4(d) ). The higher Mn and Ni content in the weld metal composition (Table 1 ) and faster cooling rate owing to lower welding heat input (2.01 kJ/mm) has resulted in the formation of bainitic or massive ferrite with a high dislocation density along with martensite. Similar observations were made by Deb et al. 27) in their study with GMAW weldments in HY-100 steel welded with Linde 120 (MIL-120S-1) electrode having similar composition like that used in the present study. They observed typical microstructure of low carbon lath martensite and bainite phases in their GMAW weld deposit with welding heat input 2.2 kJ/mm.
Large and globular (600-800 nm) non-metallic inclusions could be observed in the weld metal (Fig. 4(e) ). The EDS analysis (Fig. 5 ) confirmed this to be of Ti based inclusion and most likely it was a complex combination of Ti 2 O 3 and (Mn, Si) O. The origin of Ti could be the basic flux cover of the electrodes used in the welding. The chemical analysis of the flux used in the submerged arc welding of HSLA-100 and HSLA-80 steels reported by Dixon et al. 28) and Sen et al. 29) respectively showed the occurrence of Ti in the basic flux. Sen et al. 29) also reported the existence of big globular Ti based inclusion in the weldmetal of a submerged arc welded HSLA-80 steel plate. According to them, as well as other previous workers, 30, 31) these inclu- sions assist in the nucleation of acicular ferrite in the weld structure which is desirable from toughness point of view. According to Losz et al., 30) these titanium oxides are thermally stable and do not lose their ability to promote acicular ferrite formation even at locations in the welding fusion line. The acicular ferrite is considered to be very effective in enhancing weld toughness.
The HAZ microstructure consists of bainite laths as shown in Fig. 6(a) , separated by interlath M-A constituent. M-A constituent is seen in all the BF micrographs depicted in Figs. 6(a)-6(e). Figure 6 (b) shows clear evidence of twinning within a M-A island and large ferrite subgrains in the HAZ. The air cooling of the HAZ from high austenitising temperature and relatively short cooling time was expected to produce coarse bainite structure. Krishnadev et al. 32) expressed similar opinion while studying the simulated HAZ properties of copper-precipitation strengthened HSLA steels with HSLA-80 and HSLA-100 type compositions. Losz et al., 30) while studying the HAZ microstructures in HSLA steel weldments observed that the microstructure of low carbon steels (Ͻ0.10 % C) were largely bainitic. According to them, a combination of large austenite grain size and a limited number of nuclei sites give rise to coarse transformation structures. In the present case too, bainite was of lath morphology instead of granular type normally found in an air-cooled HSLA-100 steel. According to Losz et al. 30) the bainite grows as packets of dislocated parallel laths separated by low angle boundaries and very often the boundaries are decorated with coarse carbon rich second phase particles. This corroborates the present observation of M-A constituent at lath boundaries. The HAZ microstructure observed by Deb et al. 27 ) in a GMAW HY-100 weldment was of mixed type, consisting the lath martensite and upper bainite. This could be due to the higher carbon content of HY-100 steel compared to HSLA-100.
The HAZ microstructure also showed precipitates. Although, most of the Cu and Nb(C, N) precipitates were likely to go into the solution when the peak HAZ temperature was reached in a weld thermal cycle, some of these particles were expected to reprecipitate during its cooling cycle owing to high Cu (ϳ1.77 wt%) content of this steel. Moreover, the effect of tempering due to subsequent welding passes in a multipass welding must have also partially assisted in reprecipitation of Cu and Nb(C, N) particles in the HAZ.
The TEM microstructure of the base metal revealed tempered martensite laths with elongated and rod shaped Cu precipitates. A dark phase, which was established to be martensite or acicular ferrite by electron diffraction appeared along the lath boundaries. Mujahid et al. 20) has also observed this lath boundary dark phase. According to them the new austenite formed on tempering above 665°C transformed to martensite on subsequent air cooling to room temperature, leaving behind substantial amounts of retained austenite which appeared as a dark phase at lath boundaries. Our investigation, however, revealed that this lath boundary dark phase ( Fig. 7(a) ) was martensite, which could be freshly formed from intercritical austenite on cooling. 21, 22) This is also supported by the fact that the present study did not reveal any austenite peak in X-ray diffraction.
Relation between the Microstructure and the
Strength The YS (695 MPa) of the weld metal was the lowest compared to the HAZ and base metal owing to the presence of untempered martensite and bainitic ferrite and also due to absence of Cu and Nb(C, N) precipitates. The UTS (842 MPa) and VHN (277) are however reasonably good because of the higher dislocation density in ferrite and martensite of the as cast structure. The YS, UTS and VHN of the weld metal are very close to the values (YS-725 MPa, UTS-889 MPa, VHN-282) obtained by Smith et al. 23) in their submerged arc weld deposit in a HSLA-100 steel weldment. The values obtained in the present investigation are still above the minimum specified values for HSLA-100 steel, viz. YS-690 MPa.
The presence of large amount of ferrite and M-A constituent in the HAZ must have resulted in inferior YS compared to base metal. However, YS of the HAZ is still better than weld metal because of the benefit of precipitates in the former. Highly dislocated bainite laths and ferrite in the HAZ enabled it to achieve high UTS (891 MPa). The hardness of the HAZ was expected to be little higher than base metal and weld metal owing to the incidence of large amount of M-A constituent in it. According to Shiga et al., 33) the adverse effect of M-A constituent in HAZ on its toughness is enhanced owing to the segregation of C, N during g to a transformation. The segregation of these interstitials is brought about by thermal cycles of subsequent welding passes in a multipass welding. The hardening of the HAZ is a known phenomenon and reported by many earlier workers in HSLA and HY steels. 16, 23, 27, 28, 34) As compared to HY-100 steel, the hardening of HAZ was however not very significant in the present study. Deb et al. 27) reported average HAZ hardening to the tune of 165 VHN in GMAW HY-100 steel, welded with 2.2 kJ/mm heat input, whereas, in the present study it was found to be only 30 VHN for HSLA-100 steel welded with 2.01 kJ/mm heat input. The higher carbon content of HY-100 steel could be responsible for its higher HAZ hardness. Czyryca 34) also reported insignificant HAZ hardening (25-30 VHN) in HSLA-100 steel weldments. Philips et al. 16) in their work with GMAW HSLA-80 steel found peak hardening of HAZ at 1 kJ/mm heat input and HAZ hardness was 300 VHN, whereas it was 420-450 VHN for HY-80 steel under similar condition.
Influence of Microstructure on the Impact Toughness
The CVN energies of the weld metal, HAZ and base metal at Ϫ20°C were reasonably good, although the weld metal had the lowest toughness as compared to HAZ and base metal. The cast columnar structure of the weld metal can be responsible for its comparatively lower CVN energy. The HAZ CVN is less with respect to base metal owing to its coarse grain size and presence of large grain boundary M-A constituents.
The CVN energy of the weld metal at Ϫ50°C (105 J) meets the minimum stipulated requirement of 61 J at Ϫ51°C as per US military specification, MIL-E-22200/10A meant for MIL-12018-M2 type electrodes, 24) which was used in the present study.
The CVN energies of the weld metal at Ϫ20°C and Ϫ50°C obtained in the present study are also superior to the values (93 J at Ϫ20°C and 61 J at Ϫ50°C) reported by Smith et al. 23) of a SA weld deposit of HSLA-100 steel. They were also found to be superior to the values (90 J at Ϫ20°C and 70 J at Ϫ50°C) reported by Deb et al. 27) for the weld deposit of a GMAW weldment of HY-100 steel.
The fractographic studies of the fractured specimen tested at Ϫ20°C revealed coarser dimples in the HAZ compared to weld metal and base metal locations, which was in accordance with their CVN energies found at that temperature.
The present welding experiments are restricted to 2.01 kJ/mm following the US military requirement of maintaining low energy inputs in welding of HY-100 grade steel to obtain optimum HAZ properties. 23) Although welding at higher heat input is preferred in industry for saving welding time, it however results in considerable variation of weldmetal as well as HAZ microstructures when heat input is raised. Owing to slower cooling rate at larger heat input, both weld metal and HAZ microstructure changes and coarsening of prior austenite grain size and precipitation of undesirable hard phases takes place leading to the deterioration of strength and toughness. 16, 24, 28, 32, 33, 35, 36) The effect is however more pronounced in case of HY-series (HY-80/HY-100) of steels compared to Cu-strengthened HSLA-80/100 steels owing to the higher carbon content of the former. 23) 
Conclusions
(1) The HSLA-100 steel plates of 14 mm thickness can be welded by shielded metal arc welding at 2 kJ/mm heat input without any pre or post welding heat treatments.
(2) The weldmetal microstructure was comprised of lath martensite and bainitic ferrite. The HAZ structure was coarse bainitic laths with interlath M-A constituents and massive ferrite.
(3) Both weld metal and HAZ properties were above the stipulated requirements of HSLA-100 steel though properties were slightly less than the base metal.
(4) The CVN of the weld metal at Ϫ20 and Ϫ50°C testing temperatures were 127 and 105 J which are above the minimum stipulated values for the specific kind of electrode used in this study. The HAZ toughness was good and found to be 149 and 130 J at Ϫ20 and Ϫ50°C respectively.
